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Absorption recovery dynamics of GaAs/AlGaAs field-enhanced waveguide saturable absorbers-are 
studied by pump-probe differential transmission measurements. We c;ompare the response of-bulk 
and single quantum well absorbers at different reverse bias levels and pump powers, and find an 
ultrafast transient in the response, followed by a slower rise before the final recovery. The absorption 
fully recovers after a few picoseconds, which is an important result for mode-locked lasers:- 
Bulk and quantum well semiconductors have been used 
as saturable absorbers to generate short pulses in color 
center,l erbium-doped fiber,’ dye,j solid state,4 and 
semiconductor5 laser systems. In these applications, damage 
sites or traps are created in the semiconductor by ion implan- 
tation in order to reduce the absorption recovery time from 
nanoseconds to several picoseconds. In semiconductor diode 
lasers, saturable absorber sections have been formed by im- 
plantation through one of the mirrors.B A more robust tech-. 
nique for passive and hybrid mode locking of diode lasers 
involves incorporating separately biased saturable absorber 
waveguide sections in a multisection laset7 The saturable 
absorber sections are typically p-i-n structures operated un- 
der reverse bias. Devices of this type have produced pulses 
of 0.6 ps, ‘at repetition rates up to 350 GHz.~ Saturable ab- 
sorbers also play an important rQ!e in the elimination of mul- 
tiple pulses in external cavity mode-locked diode lasers.g in 
order to produce a stable train of~short pulses at these micro- 
wave and millimeter-wave repetition rates, the absorption re- 
covery must be fast enough to recover on each round trip in 
the cavity. Understanding the dynamics of the saturable ab- 
sorbers is necessary for laser design dptimization. It is also 
important to understand the mechanisms of the nonlinear ab- 
sorption properties of waveguide structures and the inherent 
limits to their recovery times. In this letter we present an 
experimental study of the bleaching and recovery dynamics 
of these field-enhanced waveguide saturable absorbers for 
different bias conditions and discuss the implications of the 
results for mode-locked diode lasers. 
A schematic drawing of the experimental setup for mea- 
suring bulk and quantum well saturable absorbers IS shown 
in Fig. I, along with the basic layer structure of the devices. 
The active region consists of 820 A of A10~04Ga0~g& in the 
bulk device, or a 150 A quantum well with 720 %, undoped 
G.,GaO,As barriers in the single quantum well (SQW) de- 
vice. The lateral waveguide is formed by impurity-induced 
dis0rdering.l’ A section of waveguide -100 pm long is used 
for the measurements; in actual multisegment devices the 
saturable absorber section length is typically -16 pm. Both 
end facets are antireflection coated with SiN,, and have-a 
residual facet reflectivity of 10w3.- The device is biased 
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through a bias tee-and the high frequency port is terminated 
in a 50 R sampling head and high-speed sampling oscillo- 
scope. We measure differential transmission using a pump- 
and-probe technique with pulses of -150 fs- from a mode- 
locked Ti:&O, laser. The center wavelength is adjusted to 
the lasing wavelength of the diode laser when it is mode- 
locked. We estimate the pump pulse energy coupled into the 
device to be 5-20 pJ. The pulse energy in a mode-locked 
diode laser is typically a few pJ. While the pulse energy is a 
factor of 2-10 higher in our measurements, the absorber in 
these experiments is also nearly ten times as long as the 
absorber sections in an integrated device, and more energy is 
needed to saturate it. 
The pump and probe beams are orthogonally polarized 
to eliminate coherence effects. Measurements done under 
forward bias result in a change of sign of the differential 
transmission signal, verifying that the transients seen in the 
data are not coherence artifacts. We align the beams-to the 
waveguide by using the device as a reverse-biased p-i-n 
photodiode and observing the photocurrent. We maximize 
the signal to achieve the best coupling into the waveguide, 
and find the approximate zero time-delay point by overlap- 
ping in time the photocurrent pulses from the pump and 
probe beams on the sampling oscilloscope. We assume that 
the exact t = 0 point is given by the position of the initial 
transient in the data. 
In these experiments we measure the transmission of the 
probe pulse as a function of the time delay between the pump 
and probe. The transmitted probe beam is effectively a mea- 
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FIG. 1. (a) Device structure and (b) experimental configuration for pump- 
probe measurements of field-enhanced GaAs/GaAlAs waveguide saturable 
absorbers formed by impurity-induced disordering. 
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FIG. 2. Differential transmission data for (a) bulk and (b) SQW waveguide saturable absorbers, for different reverse bias values. 
probe energy. We would expect to see a very fast rise in the 
transmission at zero delay corresponding to the bleaching .of 
the device by the strong pump pulse, followed by a decay as 
the photogenerated carriers are swept out of the intrinsic re- 
gion and the absorption recovers.. Differential transmission 
data for bulk and SQW devices at different reverse bias val- 
ues are shown in Fig; 2. In addition to the expected trans- 
mission change, we observe a very fast initial transient, on 
the order of 150 fs. This transient is followed by a slower 
rise that peaks after a few picoseconds, and finally- an expo- 
nential recovery that depends on the reverse bias. For all 
values of bias the final l/e recovery time is quite fast, typi- 
cally less than 15 ps, and is as short as 4 ps at high bias 
levels. The bias dependence of the final recovery time is 
plotted in Fig. 3. There is a monotonic decrease in recovery 
time with increasing bias, as expected due to reduced emis- 
sion time across the heterojunction and shorter transit times 
across the undoped region. The dependence is modeled well 
by an exponential function, which is qualitatively indicative 
of thermionic emission. 
Existence of ultrafast features indicate- that the actual 
absorption dynamics and mechanism of carrier removal in 
these experiments is more complicated than simple drift and 
thermionic emission of photoexcited carriers; The fast tran- 
sient, the slower seconti rise time and the, bias-dependent 
recovery are results of several physical mechanisms: electro- 
absorption, band-gap renormalization, carrier-carrier and 
carrier-phonon scattering, heating of the carriers by the field 
and inter-valley scattering. In addition, the large space charge 
generated by the photoexcited carriers will act to screen the 
applied and built-in field. A complete analysis of these ef- 
fects is beyond the scope of this letter. However, we will 
compare results from different reverse bias values, device 
structures, and pump powers vis i vis these mechanisms to 
gain an understanding of the important features in the data. 
In addition to changing the final sweepout time, chang- 
ing the bias will affect any electroabsorption effects. As seen 
in Fig. 3> apart from the final recovery time the main effect 
of changing the bias voltage is a change in the overall signal 
level. At higher bias, the initial absorption is higher due to 
(dc) electroabsorption. so the overall transmitted signal is 
lower. There does not appear to be any ultrafast electroab- 
sorption effects that change with bias. Even at high bias, the 
field in the absorbing region is completely screened after 
-100 fs and is not restored until the carriers are swept into 
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the contacts, so the spatial carrier distribution remains fairly 
uniform over the time scale of the fast transient and subse- 
quent rise. Thus the dynamics are due more to changes in the 
energy distribution rather than the spatial distribution. 
Electroabsorption causes a blue shift in the absorption 
edge once the field collapses, which could account for the 
second rise in the data. The difference between the spatial 
carrier distribution in bulk and SQW device serves as a probe 
of the importance of this effect. In a SQW device the absorb- 
ing region is much thinner than in a bulk device. The carriers 
are swept out of the absorbing region faster, but they still 
must traverse the barriers before reaching the contacts, where 
they screen the fields in the active region. This should lead to 
a larger second peak in a SQW device if the blueshift due to 
electroabsorption is the dominant effect. Data from pump- 
probe measurements of SQW saturable absorbers are shown 
in Fig. 2(b). While qualitatively similar to the bulk data in 
Fig. 2(a), the initial bleaching does not recover as com- 
pletely. The second peak is smaller in the SQW data than in 
the bulk, indicating that electroabsorption is not responsible 
for the ultrafast features. 
Carrier-carrier scattering should be comparable in bulk 
and quantum well structures, and the presence of the fast 
initial transient in both sets of data suggests that this is a 
significant effect.r’ The high initial carrier density undergoes 
scattering within the first 100 fs, causing the fast transient. In 
addition, the field accelerates the carriers to higher energies, 
many past the threshold for intervalley scattering. Once the 
field collapses, the more energetic carriers scatter back down 
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FIG. 3. Final absorption recovery time vs reverse bias for bulk and SQW 
waveguide saturable absorbers. Dashed and solid lines are fits to the data. 
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FIG. 4. Comparison of differential transmission data at three different pump power levels in (a) bulk and (b) SQW saturable absorbers. In each case, 
corresponds to approximately 2 m W  (at 109 MHZ) being coupled into the device. 
PO 
to the probe energy, leading to the second transmission peak. 
Intervalley scattering has a smaller effect in the SQW device, 
because the quantum well in these devices is shallow relative 
to the threshold energy- for intervalley scattering. Once the 
carriers have been accelerated by the field, real-space trans- 
fer into the barriers will be more likely than intervalley scat- 
tering, thereby reducing the amplitude of the second peak. 
Figures 4(a) and 4(b) compare data from the bulk and 
SQ.W saturable absorbers at three different pump powers. 
The relative amplitudes of the fast transient and slower sec- 
ond peak are quite different in the three curves. With lower 
power, the second peak is much smaller relative to the initial 
fast transient, and rises faster than with high power, the delay 
between the initial bleaching and the second peak decreases 
dramatically with decreasing pump power. In the SQW de- 
vice, at the lowest pump power the initial “spike” disap- 
pears; there is a sharp initial rise and an exponential-like 
decay, with no fast fall time and no slow rise to a second 
peak. These results are indicative of band-gap renormaliza- 
tion (BGR). BGR shrinks the band gap when the carrier den- 
sity is high, increasing the absorption. This could be contrib- 
uting to the fast transient fall time, since this feature 
disappears at low powers. In addition, at low power there is 
much less space charge, so there is little screening of the 
applied field and the removal of photoexcited carriers from 
the i region is much more efficient. More of the carriers 
excited to higher energies will be swept out before they have 
a chance to scatter into satellite valleys or back to the probe 
energy, hence the decrease in magnitude of the second peak 
with decreasing pump power. 
The data have important implications for mode-locked 
semiconductor lasers. The short recovery times measured in- 
dicate that high frequency mode locking with these devices 
is possible. The recovery time is also important in determin- 
ing the placement of the saturable absorber with respect to 
the output mirror to take advantage of colliding pulse effects 
and optimize the pulse width and/or output power.12 We have 
successfully fabricated monolithic and external cavity mode- 
locked lasers containing saturable absorber sections in this 
material. Pulses of 2.8 ps were’generated using an absorber 
length of 16 pm.7 An absorption recovery time of 4 ps trans- 
lates to a maximum repetition rate in excess of 250 GHz. The 
recovery time of the saturable absorber also indicates its abil- 
ity to suppress multiple pulses in an external cavity mode- 
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locked diode laser. -With an absorption recovery time of 10 
ps, secondary pulses can be suppressed in a diode with an 
internal roundtrip time of 10 ps. Multiple pulses were sup- 
pressed in a device mode-locked at a repetition rate of 5 
GHz, with a totaf diode length of 500 pm and a saturable 
absorber length of 16 pm,’ and a saturable absorber bias of 
-1.5 V. Under these conditions the pulsewidth was 2.9 ps, 
and the peak power was 0.25 W- 
In summary, we have measured the absorption recovery 
dynamics in GaAlAs waveguide saturable absorbers. The ab- 
sorption is fully recovered within several picoseconds in a 
100 ,um device. There is a subpicosecond dynamic with rise 
and fall times cl50 fs which we attribute to a combination 
of a number of physical effects. Our experiments indicate 
that BGR, carrier-carrier scattering, and photon scattering 
are responsible for the ultrafast absorption transient. This 
transient should be useful for very high speed mode-locking, 
and in fact it might be responsible for some~ of the high 
frequency mode-locking results that have been achieved. 
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